The ventral striatum is characterized by an intricate neurochemical compartmentation that is reflected in the distribution of most of its afferent fiber systems. In the present study, the compartmental relationships of ventral striatal neurons projecting to the mesencephalon were studied by combining tract tracing with the immunohistochemical localization of leu-enkephalin. Injections of the retrograde tracer cholera toxin subunit B were placed at various sites in the ventral mesencephalon.
The anterograde tracer fhaseolus vu/garis leucoagglutinin was injected in single compartments in the rostrolateral part of the nucleus accumbens. The projections from the ventral striatum to the dopaminergic cell groups in the ventral mesencephalon and those to the substantia nigra pars reticulata originate from distinct subpopulations of ventral striatal neurons that respect neurochemically defined compartmental boundaries.
In the "shell" of the nucleus accumbens, neurons that project to the dopaminergic cell groups are located outside areas of high cell density and weak enkephalin immunoreactivity (ENK-IR). Rostrolaterally in the "core" of the nucleus accumbens, neurons inside large areas of strong ENK-IR surrounding the anterior commissure project to the dorsomedial part of the substantia nigra pars reticulata, whereas neurons outside these areas innervate the ventral tegmental area and/or the medial part of the substantia nigra pars compacta. By contrast, more caudally in the dorsal part of the nucleus accumbens and in the ventral part of the caudate-putamen, the relationships are reversed: neurons in-or outside small patches of strong ENK-IR project respectively to the pars compacta or the pars reticulata of the substantia nigra. Since the thalamic and cortical afferents of the ventral striatum are compartmentally ordered as well, the present results imply that through the ventral striatal compartments information from disparate combinations of cortical and thalamic sources may be conveyed to distinct mesencephalic targets. The component of the ventral striatomesencephalic system reaching the dopaminergic cell groups Al 0, A9, and A8 may modulate the dopaminergic input to virtually the entire stria-turn. The other component can, by way of the pars reticulata of the substantia nigra, participate in nigrothalamic and nigrotectal output pathways of the basal ganglia.
In spite of their long-standing exclusive association with motor functions, the basal ganglia are now considered as a group of interconnected nuclei that are involved in the processing of information related to many aspects of behavior, ranging from motor acts to complex emotional and motivational influences. The underlying anatomical substrate has only recently been elucidated by demonstrating a parallel organizational principle within basal ganglia connections (Heimer and Wilson, 1975; Alexander et al., 1986 Alexander et al., , 1990 Nauta, 1986) . Information from functionally diverse parts of the cerebral cortex is channeled through different parts of the basal ganglia and thalamus back to the cortex, thus forming a number of parallel cortico-striatopallido-thalamo-cortical circuits that may each be involved in different aspects of behavior. The importance of this organizational principle is underscored by the parallel arrangement of the projections from the midline and intralaminar thalamic nuclei and the amygdala to both the striatum and the prefrontal cortex (Berendse and Groenewegen, 1990, 199 1; Groenewegen et al., 1990b ). An important issue in basal ganglia research is whether and where integration takes place in this system of segregated circuits in order to produce coherent behavior. Local interactions may occur at the level of the striatum through overlapping inputs. Widespread integration may take place through the projections from the ventral striatum to the dopaminergic cell groups in the mesencephalon (Nauta et al., 1978; Somogyi et al., 198 1; Nauta and Domesick, 1984) which seem to defy the parallel arrangement of basal ganglia connections. By way of projections to the substantia nigra pars compacta, the ventral tegmental area, and the retrorubral field, containing the A9, A 10, and A8 dopaminergic cell groups, respectively (Dahlstriim and Fuxe, 1964; Bjiirklund and Lindvall, 1984) the ventral striatum appears to be in a position to influence the dopaminergic input to virtually the entire striatum (Fallon and Moore, 1978; Bjiirklund and Lindvall, 1984; Gerfen et al., 1987) and, consequently, the information processing in each of the parallel cortico-striato-pallidofugal pathways. Whether the ventral striatal projections to the dorsomedial part of the substantia nigra pars reticulata (Swanson and Cowan, 1975; Conrad and Pfaff, 1976; Nauta et al., 1978; Troiano and Siegel, 1978) originate from the same neurons remains to be established.
Superimposed upon the topographical organization of its connections, the striatum is characterized by a heterogeneous distribution of many neurotransmitters, neuromodulators, and their receptors. In the dorsal striatum, two neurochemically distinct compartments, the patch or striosomal compartment and the matrix compartment, have been identified (Graybiel and Ragsdale, 1978; Graybiel et al., 1981; Gerfen, 1984; Gerfen et al., 1985 ; for reviews, see Graybiel, 1984,199O) . Virtually all striatal afferent and efferent systems observe the boundaries of these neurochemical compartments (e.g., Herkenham and Pert, 198 1; Ragsdale and Graybiel, 198 1, 1990; Gerfen, 1984 Gerfen, , 1985 Gerfen, , 1989 Donoghue and Herkenham, 1986; Jimtnez-Castellanos and Graybiel, 1987, 1989; Gimknez-Amaya and Graybiel, 1990 ; for reviews, see Graybiel, 1984 . The differential connections of the patch/striosome and matrix compartments with the substantia nigra and associated dopaminergic cell groups constitute the most striking example of the compartmental ordering. The efferents of the striatal patches or striosomes preferentially reach the pars compacta of the substantia nigra, whereas the matrix projects mainly to the pars reticulata (Gerfen, 1984 (Gerfen, , 1985 Gerfen et al., 1985; JimCnez-Castellanos and Graybiel, 1989) . The projection from the patch or striosomal compartment to the pars compacta is reciprocated by a projection from particular subgroups of dopaminergic neurons, which in the rat reside in the ventral tier of the pars compacta or in the ventrolateral part of the pars reticulata, and in the cat in the densocellular portion of the pars compacta (Gerfen et al., , 1987 Jimknez-Castellanos and Graybiel, 1987; see also Feigenbaum-Langer and Graybiel, 1989) . Neurons in the dorsal strata of the pars compacta, in the ventral tegmental area, and in the retrorubral area project to the striatal matrix compartment.
The striatal inputs to the latter parts of the mesencephalon originate in the ventral striatum (see above). At present it is unknown whether the ventral striatomesencephalic projections bear any relationship to the previously described neurochemical and cytoarchitectural compartments of the ventral striatum (Herkenham et al., 1984; Voomet al., 1986 Voomet al., , 1989 Groenewegenet al., 1989 Groenewegenet al., , 1991 . Since most cortical and thalamic afferents of the ventral striatum respect compartmental boundaries (Groenewegen et al., 1987; Berendse et al., 1988 Berendse et al., , 1992 Berendse and Groenewegen, 1990 ), a compartmental ordering of ventral striatal efferents could enable particular combinations of inputs to interact with neurons projecting to distinct targets in the ventral mesencephalon, as is the case in the dorsal striatum (Gerfen, 1984 (Gerfen, , 1985 (Gerfen, , 1989 JimCnez-Castellanos and Graybiel, 1989) .
with apparently similarly placed striatal deposits, two different termination patterns could be observed in the mesencephalon. Labeled fibers either were largely confined to the pars reticulata of the substantia nigra or involved the ventral tegmental area, Recently, it has been demonstrated that the mediolateral organization in the efferent connections of the nucleus accumbens (Nauta et al., 1978; Troiano and Siegel, 1978; Groenewegen and Russchen, 1984; Haber et al., 1990; Zahm and Heimer, 1990 ) is a reflection of the differential projection patterns of the neurochemically identifiable shell and core regions of this nucleus (Heimer et al., 1991) . In a series of experiments performed in the course of a more extensive investigation of the organization of ventral striatal connections (Groenewegen et al., 1989, 199 l) , the anterograde tracer Phaseolus vulgaris leucoagglutinin (PHA-L) was in.iected in various parts of the ventral striatum. In cases more detailed features of the neurochemical compartmentation of the ventral striatum (Voom et al., 1989) .
In order to label the ventral striatal neurons projecting to the different mesencephalic targets, retrograde tracer injections were made in the different parts of the dorsomedial substantia nigra, in the ventral tegmental area, and in the retrorubral field. Additional injections were placed in the peribrachial region to identify the neuronal population projecting to more caudal parts of the midbrain. The opioid peptide enkephalin (ENK), visualized immunohistochemically, was used as a marker for the ventral striatal compartments (Berendse et al., 1988; Voorn et al., 1989; Berendse and Groenewegen, 1990) . A preliminary set of experiments, using fluorogold and diamidine yellow as retrograde tracers, provided us with the first indications of differential compartmental origins of the ventral striatomesencephalic projections (Groenewegen et al., 1989) . The retrograde tracer cholera toxin subunit B (CTb) proved to be more sensitive and produced a more extensive filling of the dendritic trees of the rather small striatal projection neurons. Therefore, the present account is based on CTb experiments only. The analysis of a limited number of PHA-L injections in the nucleus accumbens and the ventral part of the caudate-putamen was necessary to supplement the data obtained by means of retrograde tracing.
Materials and Methods
In the present study, 32 female Wistar rats (Harlan/CPB, Zeist, The Netherlands) weighing 180-220 gm were used. Following anesthesia with an intramuscular injection of a mixture (4:3) of ketamine and 2-(2,6-xylidine)5,6-dihydro-1,3-thiazine (Rompune), in a dosage of 1 ml/ kg, the animals were mounted in a stereotaxic apparatus. Via small burr holes in the exposed skull, retrograde or anterograde tracers were injected at the appropriate sites in the brain, using coordinates derived from the atlas of Paxinos and Watson (1986) . Injections ofthe retrograde tracer CTb were placed in the ventral mesencephalon of 27 rats. The anterograde tracer PHA-L was injected into the ventral striatum of five rats.
Cholera toxin subunit B. A 1% solution of CTb (Sigma; Ericson and Blomqvist, 1988) , containing 0.25 M Tris, 1 M NaCl, 0.005 M Na,EDTA, and 0.015 M NaN, (pH 7.5), was delivered by means of air-pressure injections through glass micropipettes (internal tip diameter, 7-l 0 pm). Some ofthe earlier injections were placed with a 10 ~1 Hamilton syringe. Using air-pressure pulses, 5-25 nl of the solution containing the tracer were injected over a period of 5-l 0 min. Deposits made with a Hamilton syringe were in the order of 100-200 nl. Following a 7-13 d postoperative period, the animals were deeply anesthetized with pentobarbital and perfused transcardially with 150 ml ofsaline and 500 ml ofa fixative containing4% paraformalhehyde and 15% picric acid in 0.1 M phosphate buffer (OH 7.4). with or without 0.05% alutaraldehvde. The brains were .-saline (pH 7.6) with 0.5% T&n X-100 (TBS-T). Following the last ,_ removed from the skull, postfixed for l-2 hr in the perfusion fixative, and stored for 18-48 hr at 4°C in a mixture of 20% glycerol and 2% incubation, the sections were rinsed twice in TBS-T and twice in 0.1 M dimethyl sulfoxide in distilled water. Sections were cut at 35 Frn on a freezing microtome and collected in 0.05 M Tris-buffered saline (pH phosphate buffer (pH 7.4). Thereafter, they were treated with Ni-en-7.6). Every second section was incubated for 18-48 hr in goat anti-CTb antiserum (1: 10,000; List Biochemicals), followed by successive 45 min hanced diaminobenzidine (DAB; 12.5 mg in 25 ml of 0.1 M phosphate incubations in donkey anti-goat whole serum (1:50; Nordic Immunolbuffer, pH 7.4, with 1 ml of 1% ammonium Ni-sulfate). Finally, the ogy, Tilburg, The Netherlands) and goat peroxidase-antiperoxidase (PAP, 1: 1500; Nordic Immunology). The goat anti-CTb antiserum was preincubated for 18 hr with rat brain tissue to reduce background staining. All incubations and intervening rinses were in 0.05 M Tris-buffered the pars compacta of the substantia nigra, and the retrorubral field. In the latter cases labeled fibers could also be traced caudally into the peribrachial region. These observations cannot be explained by core-shell differences and may therefore reflect the existence of discrete subpopulations of neurons related to the sections were rinsed, mounted from 0.2% gelatin, air dried, and coverslipped from xylene. One series of sections was counterstained with cresyl violet prior to coverslipping. Due to the presence of granular reaction product in the striatum, presumably caused by anterograde transport of CTb, the distribution of ENK-immunoreactivity (ENK-IR) could not be visualized reliably in double-stained sections. Therefore, a series of adjacent sections was processed to visualize ENK as described below. The localization of the injection sites in the peribrachial region relative to the dopaminergic neurons of the A8 cell group was determined by comparison with a series of adjacent sections stained for tyrosine hydroxylase (see below).
to the nucleus accumbens, retrogradely labeled neurons reside in the area surrounding the posterior limb of the anterior commissure and in the medial part of the fundus striati.
More restricted CTb deposits (cases RC-90046 and RC-90404) Phaseolus vulgaris leucoagglutinin. The PHA-L tract-tracing method (Gerfen and Sawchenko, 1984) was used to trace the efferents to the mesencephalon of single compartments in the ventral striatum. Small deposits of PHA-L (Vector Laboratories) were delivered iontophoretitally through glass micropipettes (external tip diameter, 10 pm) using a positive-pulsed 7.5 PA current (7 set on, I set off; CCS-3 current source) for lo-15 min. The animals were allowed to survive for 7 d, after which the animals were deeply anesthetized with pentobarbital and perfused transcardially with 100 ml saline, followed by 500 ml of a fixative containing 4% paraformaldehyde, 15% picric acid, and 0.05% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). The brains were removed from the skull, stored in the same fixative for l-2 hr, and then transferred to a mixture of 20% alvcerol and 2% dimethvl sulfoxide in distilled water for overnight stoiage at 4°C. Subsequently, the brains were cut on a freezing microtome at 35 pm and the sections were collected in 0.05 M Tris-buffered saline (pH 7.6).
Two series of sections were stained for PHA-L using the peroxidaseantiperoxidase method (Stemberger, 1979) according to the protocol described previously Berendse et al., 1992) . One of the PHA-L-stained series was counterstained with cresyl violet before coverslipping. In order to determine the compartmental localization of the tracer injection, a series of adjacent sections through the striatum was processed to visualize the distribution of ENK as described below. The distribution of PHA-L-labeled fibers and terminals in the midbrain was charted with the aid of a drawing tube on a standard Zeiss microscope.
Enkephalin immunohistochemistry. Sections were incubated in rabbit anti-leu-enkephalin antiserum (1:4000; UCB-Bioproducts, Braine L'Alleud, Belgium) for 18 hr at 4°C followed by swine anti-rabbit whole serum (1:50: Nordic Immunoloav) and then bv rabbit-PAP (1:1500; Dakopatts, &ostrup, Denmark) each for 45 min at 20°C. All incubations and intervening rinses were in TBS-T. DAB-Ni (see CTb protocol above) was used as a chromogen.
Tyrosine hydroxylase immunohistochemistry. In experiments with CTb injections in the peribrachial area, tyrosine hydroxylase immunoreactivity (mouse anti-tyrosine hydroxylase, 1:3000; Incstar, Stillwater, MN) was demonstrated with a similar orotocol as described above for ENKCTb injections in the lateral part of the ventral tegmental area that clearly involve the medial part of the substantia nigra produce additional retrograde labeling in the rostromedial part of the caudate-putamen and the central or core part of the nucleus accumbens. Furthermore, retrogradely labeled neurons in the rostra1 part of the nucleus accumbens are more numerous than in cases in which the injection site is confined to the ventral tegmental area.
The distribution of the retrogradely labeled neurons in the ventral striatum following injections of CTb in the ventral tegResults Distribution of ventral striatal neurons projecting to the mesencephalon mental area is not homogeneous. Labeled neurons in the rosThe cells of origin of the ventral striatal projections to the mestrolateral part of the nucleus accumbens are located outside of encephalon were determined by placing deposits of CTb at sevthe large areas of high ENK-IR that surround the anterior comera1 loci in the midbrain known to receive ventral striatal efmissure, as can be appreciated when PHA-L-stained sections ferents. Seven CTb deposits were confined to the ventral are compared with adjacent sections stained for ENK ( Fig. 1 C,D) . tegmental area. In six cases, the deposits were restricted to the In the medial part of the shell region of the nucleus accumbens, medial part of the substantia nigra, whereas in another six cases several circumscribed areas are devoid of retrogradely labeled they additionally involved the ventral tegmental area. The reneurons (Fig. 4A) . Comparison with adjacent sections stained mainder ofthe CTb injections (n = 8) were placed more caudally for ENK reveals that immunoreactivity for ENK is virtually in the mesencephalon. All deposits resulted in the retrograde absent from these areas (Fig. 4A,B) . In cresyl violet-counterlabeling of neurons in the ipsilateral striatum only, except for stained sections, it can be observed that the unlabeled areas those cases in which the deposit in the ventral tegmental area coincide with clusters of densely packed cells (Fig. 4C ). As ilextended across the midline, following which bilateral labeling lustrated in Figure 40 , the dendrites of the retrogradely labeled was observed.
neurons surrounding these areas appear to avoid entering them. Ventral tegmental area. In case RC-89059, a large injection
In the ventral part of the shell region, the situation is more of CTb was placed in the ventral tegmental area. The deposit complex. Like in the medial part of the shell, the retrogradely virtually fills the area and extends only minimally into the adlabeled neurons do not overlie clusters of densely packed cells. jacent medial part of the substantia nigra (Fig. 1A) . The retroIn addition, the labeled neurons are heterogeneously distributed gradely labeled cells are confined to the nucleus accumbens and over the areas surrounding the cell clusters ( Fig. lE,F) . Rosthe caudoventral part of the caudate-putamen or fundus striati.
trally, they are concentrated in two strands of neurons, one Most of the neurons occur in the medial and ventral parts of adjacent to the core and the other close to the outer border of the shell region of the nucleus accumbens (see Fig. 4A ). Smaller the shell. At several points the two strands are interconnected. numbers of labeled neurons are found in the rostra1 part of the Caudally, the retrogradely labeled neurons are arranged in groups nucleus accumbens, mostly in its medial half (Fig. 1 C) . Caudal that are interposed between the striatal cell bridges. The neurons which produce complementary patterns of retrograde labeling, demonstrate that a certain degree of topography is present in the projections from the ventral striatum to the ventral tegmental area. The deposit in case RC-90046 involves only the lateral part of the ventral tegmental area, adjacent to the medial terminal nucleus of the accessory optic tract that shields the area from the adjacent medial part of the substantia nigra pars compacta (Figs. lB, 2). More caudally, where this nucleus is absent,. the periphery ofthe injection site may involve the pars compacta of the substantia nigra. As in case RC-89059, the shell region of the nucleus accumbens is most heavily labeled (Figs. 1E; 2&C). However, the dorsomedial part of the shell region is now virtually devoid of labeled neurons (Fig. 2C ). Furthermore, in the lateral part of the nucleus accumbens and the ventrolateral part of the caudate-putamen, several groups of labeled neurons are present ( : ' in the cell bridges and morphologically similar neurons in the ventral part of the shell are not retrogradely labeled (Fig. 1E ). In the fundus striati, retrogradely labeled neurons are absent from the cell clusters that occasionally can be observed in this area.
Substantia nigra. In case RC-8963 1, an injection of CTb was placed in the medial part of the substantia nigra, primarily involving the caudal part of the pars compacta but extending rostrally into the pars reticulata (Fig. 5) . In the striatum, the majority of the retrogradely labeled neurons are located in the rostromedial part of the caudate-putamen and in the adjacent dorsal part of the nucleus accumbens (Fig. 5A,B) . Smaller numbers of labeled neurons are present in caudomedial parts of the caudate-putamen and in more central parts of the nucleus accumbens ( Fig. 5C-E) . The shell region ofthe nucleus accumbens contains only a few faintly labeled neurons (Fig. 5B ). Although neurons in some parts of the caudate-putamen tend to be arranged in clusters (Fig. 5B ,CJ, in other areas the distribution is more homogeneous (Fig. 5A ). In other cases, attempts were made to restrict retrograde tracer deposits either to the pars compacta or to the pars reticulata of the medial substantia nigra. The CTb deposit in case RC-90328 is centered in the medial one-third of the pars compacta, and, although the involvement of the pars reticulata is minimal, it unavoidably includes the lateral part of the ventral tegmental area (Fig. 6A ). Numerous clusters of retrogradely labeled neurons occupy the rostra1 and medial parts of the caudate-putamen ( In case RC-89058, a large CTb deposit involves the caudal part of the pars reticulata and, at more rostra1 levels, spreads into the medial part of the pars compacta. Retrogradely labeled neurons are widely distributed over the striatum. Nevertheless, a comparison of adjacent sections through the rostrolateral part of the nucleus accumbens stained for ENK and CTb demonstrates that the majority of fhe labeled neurons are concentrated in the large areas of strong ENK-IR surrounding the anterior commissure ( Fig. 7C/C' ).
Retrorubralfield. Retrograde tracer deposits in various parts of the retrorubral field (n = 4) resulted in similar distribution patterns of retrogradely labeled neurons. The deposit in case RC-90156 is centered in the caudal part of the retrorubral field (Figs. 8A, 9) . In the striatum, retrogradely labeled neurons are confined to the nucleus accumbens and the ventral part of the caudate-putamen (Fig. 9 ). The majority of the neurons reside in the ventromedial part of the shell region of the nucleus accumbens, in the area surrounding the posterior limb of the anterior commissure, and in the medial part of the fundus striati ( Fig. 9C-E ). Smaller numbers of labeled neurons are present dorsomedially in the shell region and in the rostra1 part of the nucleus accumbens, predominantly in the vicinity ofthe anterior commissure ( Fig. 9A-C) . A few small groups of neurons reside in the ventrolateral part of the caudate-putamen ( Fig. 9B-D) . Scattered neurons are found in the lateral part of the fundus striati ( Fig. 9D .E).
The retrogradely labeled neurons in the ventromedial part of the shell region of the nucleus accumbens are concentrated in groups at the outer border of the shell, much like the neurons labeled following injections in the ventral tegmental area (Fig.  9C ). They are located outside ofthe cell clusters. In cresyl violetcounterstained sections, groups oflabeled neurons alternate with strands of cells that extend into the striatal cell bridges (Fig.  lOA,B) . In the rostrolateral part of the nucleus accumbens, the majority of the labeled neurons surrounding the anterior commissure are located outside of the ENK-positive areas. However, a distinct number of neurons are found in an area of strong ENK-IR adjacent to the external capsule. Most of the small groups of neurons in the ventrolateral part of the caudate-pu- Figure   1 . A and B, Photomicrographs of CTb deposits in the ventral tegmental area (WA). The large deposit in A (RC-89059) comuletely fills the ventral tegmental area and may have encroached upon the adjacent medial part of the substantia nigra. The much smaller i&jecti& site in B (shown at a higher magnification; RC-90046) involves only the lateral part of the ventral tegmental area and is shielded from the substantia nigra pars compacta (SNc) by the medial terminal nucleus of the accessory optic tract (MT). C and D, Pair of adjacent transverse sections through the rostrolateral part of the nucleus accumbens following the injection of CTb illustrated in A to show the relationship of retrogradely labeled neurons (C) with the distribution of ENK-IR (D). The small groups of labeled neurons that surround the anterior commissure are located outside of the large ENK-positive areas. Arrows mark corresponding blood vessels. Note that the majority of the retrogradely labeled neurons in C is present in the medial part of the nucleus accumbens. E and F, Photomicrographs illustrating the heterogeneous distribution of CTb-labeled neurons in the ventromedial part of the shell region of the nucleus accumbens (AC@ following injections in the ventral tegmental area. The section in E was counterstained with cresyl violet and was taken from case . Note that the labeled neurons at the ventral border of the nucleus accumbens are arranged in groups (arrows in E) that are interposed between the striatal cell bridges connecting the nucleus accumbens with the olfactory tubercle (Tu). The cells that lie in direct continuity with the cell bridges are unlabeled. The section in F was taken from a case with a large injection of CTb in the ventral tegmental area that extends into the medial part of the substantia nigra. In this section, it can be better appreciated that the labeled neurons in the shell region are arranged in two bands, one adjacent to the core region (arrowheads) and the other to the ventral border of the nucleus accumbens (arrows). Note that the latter consists of separate cell groups (see also E). ucu, anterior commissure, anterior part; ml, medial lemniscus; SNr, substantia nigra, pars reticulata. Scale bars, 250 pm. Figure 2 . Chartings of retrogradely labeled neurons in five frontal sections through the striatum following an injection of CTb in the lateral part of the ventral tegmental area (VTA; RC-90046). The injection site is drawn in the lower right corner and is shown photographically in Figure 1B . Each dot represents a single labeled cell. aca, anterior commissure, anterior part; acp, anterior commissure, posterior part; A& nucleus accumbens; BST, bed nucleus of the stria terminalis; cp, cerebral peduncle; CPU, caudate-putamen; FStr, fundus striati; GP, globus pallidus; ic, internal capsule; ICjM, major island of Calleja; lo, lateral olfactory tract; LS, lateral septum; LV, lateral ventricle; ml, medial lemniscus; MT, medial terminal nucleus of the accessory optic tract; Pir, piriform cortex; SNc, substantia nigra, pars compacta; SNr, substantia nigra, pars reticulata; st, stria terminalis; TT, taenia tecta; Tu, olfactory tubercle; VP, ventral pallidum. tamen coincide with patches of strong ENK-IR, but in all experiments a single group of retrogradely labeled cells was found to overlap an area of very low ENK-IR (Fig. lOC,D) . Peribrachial region. Several CTb injections were made in the peribrachial region (n = 4). To assess a possible involvement of the A8 dopaminergic cell group in the injection site, a series of adjacent sections was stained for tyrosine hydroxylase. In case RC-90279, the CTb deposit was placed in the peribrachial region caudal to the A8 cell group and ventral to the cuneiform nucleus, the ventral part of which is included in the injection site (Figs. 8B, 11) . Caudally, the deposit extends into the parabrachial nuclei. Separate from the rest of the deposit, some reaction product was observed in the ventromedial part of the central gray substance. As illustrated in Figure 11 , the distribution of retrogradely labeled neurons in the striatum resembles that observed after injections in the retrorubral field, but in case RC-90279 the majority of the labeled neurons are concentrated in caudal parts of the striatum. Most densely labeled are the ventromedial part of the shell region of the nucleus accumbens, the medial part of the fundus striati, and the area surrounding the posterior limb of the anterior commissure (Fig. 11 C-E) . Far fewer retrogradely labeled cells are present in rostra1 parts of the nucleus accumbens and in the ventrolateral part of the caudate-putamen (Fig. 1 l&D) . In the latter area, the neurons are arranged in clusters (Fig. 11 B-D) . The compartmental relationships of the neurons that project to the peribrachial region are similar to those of the neurons issuing fibers to the retrorubral field (see above).
RC-90046 CPU
Anterograde tracing experiments In order to substantiate further the differential projection patterns in the ventral mesencephalon of neurons in different ventral striatal compartments, we made an attempt to inject the anterograde tracer PHA-L into single compartments. The injections were placed in the rostrolateral part of the nucleus accumbens (n = 3) and in the ventromedial part of the caudateputamen (n = 2). A series of adjacent sections stained for ENK was used to determine the position of each PHA-L deposit in relation to the compartments. In two cases with injection sites in the rostrolateral part of the nucleus accumbens, the deposits are largely restricted to a single compartment. In case RP-90455, the majority of the PHA-L-labeled neurons are located in the large areas of strong ENK-IR in the vicinity of the anterior commissure (Figs. 12AIA'. 13A ). It is remarkable that the deposit, consisting of the PHA-L-filled cell bodies and their dendrites, corresponds in shape with the compartment in which it is centered (Fig. 12B) . As illustrated in Figure 13A , the great majority of the terminating PHA-L-labeled fibers in the mesencephalon occupy the dorsomedial part of the substantia nigra pars reticulata. Fewer fibers are present in the pars compacta and the caudolateral part of the pars reticulata, whereas sporadic fibers were observed in the rostra1 part of the retrorubral area. The PHA-L deposit in case RP-90480 is exactly interposed between the large areas of strong ENK-IR, and only few neurons are labeled inside these areas (Figs. 12C/C', 13B). In the mesencephalon, most PHA-L-labeled fibers occupy the pars compacta of the substantia nigra, the lateral part of the ventral tegmental area, and the retrorubral field (Fig. 13B) . However, especially at midrostrocaudal levels, PHA-L-labeled fibers can be observed in the pars reticulata as well (Fig. 13B) . The labeled fibers in the rostra1 part of the pars reticulata are predominantly of the passing type. PHA-L' injections that were placed in the ventromedial part of the caudate-putamen could not be restricted to a single compartment.
Discussion
The principal finding of the present study is that the projections from the ventral striatum to the dopaminergic cell groups in the ventral mesencephalon and those to the substantia nigra pars reticulata originate from distinct subpopulations of neurons that respect neurochemically and cytoarchitectonically defined compartmental boundaries (Herkenham et al., 1984; Voom et al., 1986 Voom et al., , 1989 , thus establishing an organization similar to that of the dorsal striatum (Gerfen, 1984 (Gerfen, , 1985 Gerfen et al., 1985; Jimenez-Castellanos and Graybiel, 1989) . Since the afferents from the midline and intralaminar thalamic nuclei and from the prefrontal cortex to the ventral striatum are likewise compartmentally ordered (Herkenham et al., 1984; Berendse and Groenewegen, 1990; Berendse et al., 1992) , the present results imply that specific sets of cortical and thalamic inputs may interact with neurons projecting to distinct targets in the mesencephalon. Recent observations indicating that the great majority of the ventral striatal neurons with projections to the ventral mesencephalon have a dendritic tree that is confined to the compartment in which the parent cell body resides (Groenewegen et al., 1990a; Arts and Groenewegen, 1992; cf. Herkenham et al., 1984; Penny et al., 1988; Kawaguchi et al., 1989) strengthen this assumption. Although both the dorsal striatum and the ventral striatum accommodate separate populations of neurons, largely located in different compartments, that project either to the dopaminergic cell groups in the ventral mesencephalon or to the substantia nigra pars reticulata (Gerfen, 1984 (Gerfen, , 1985 Gerfen et al., 1985; Jimenez-Castellanos and Graybiel, 1989 ; present results), the neurochemical characteristics and connections of the ventral striatal compartments appear to vary from one part of the ventral striatum to the other. In the caudodorsal part of the nucleus accumbens and the adjacent ventral part of the caudate-putamen, the compartments are comparable to those of the dorsal striatum, but in the shell and in the most rostrolateral part of the core of the nucleus accumbens, compartments with unique combinations of neurochemical characteristics and afferent and efferent relationships occur (Herkenham et al., 1984; Voom et al., 1986 Voom et al., , 1989 Berendse and Groenewegen, 1990; Berendse et al., 1992 ; present results; see also Martin et al., 199 1) . The anatomical heterogeneity of the ventral striatum may, at least in part, account for the divergent effects of lesions or pharmacological manipulations of this structure (e.g., Lorens et al., 1970; Pijnenburg and Van Rossum, 1973; Phillips et al., 1975; Smith and Holland, 1975; Evans and Vaccarino, 1986; Mogenson and Wu, 1988; Brutus et al., 1989) .
Origin of ventral striatal projections to the mesencephalon Ventral tegmental area. The present observations confirm that the projections from the striatum to the ventral tegmental area c originate primarily in medial parts of the nucleus accumbens (Nauta et al., 1978; Troiano and Siegel, 1978; Phillipson, 1979~; Groenewegen and Russchen, 1984; Heimer et al., 1991) , but also indicate that such projections are not limited to the shell region (cf. Heimer et al., 199 1) . A significant contribution stems from neurons in more rostra1 and lateral parts of the nucleus accumbens and in the area surrounding the posterior limb of the anterior commissure, including the medial part of the fundus striati. Consequently, neurons in the shell region of the nucleus accumbens as well as smaller groups of neurons in other parts of the ventral striatum may influence the activity of dopaminergic neurons in the ventral tegmental area that project to a large portion of the striatum (Fallon and Moore, 1978; Bjorklund and Lindvall, 1984; Gerfen et al., '1987) . A certain degree of topography appears to be present in the projections from the ventral striatum to the ventral tegmental area. The medial part of this area receives its striatal input almost exclusively from the most dorsomedial part of the shell region of the nucleus accumbens, referred to as the septal pole (Voorn et al., 1986) . By contrast, the projections to the lateral part of the ventral tegmental area originate from the ventromedial part of the shell and from the other above-mentioned parts of the ventral striatum. Troiano and Siegel (1978) have provided evidence for a similar topography in the projections from the 'nucleus accumbens to the ventral tegmental area in the cat. Substantia nigra pars compacta. The medial part of the substantia nigra receives input from rostra1 and medial parts of the caudate-putamen and from the core region of the nucleus accumbens, including the rostra1 parts of this nucleus (cf. Gerfen, 1985) . As will be discussed in one of the following paragraphs, distinct populations of striatal neurons in these areas project either to the pars compacta or to the pars reticulata. On the basis of the present data, it cannot be determined whether the efferent targets of the ventromedial part of the shell of the nucleus accumbens include the medial part of the substantia nigra pars compacta. As tracer injections involving only the ventral part of the pars compacta produce virtually no retrograde labeling in the shell, it must be assumed that this projection is restricted to the dorsal parts of the pars compacta. However, all our injections centered in these dorsal parts additionally involve the adjacent ventral tegmental area that receives input et al. from the ventromedial part of the shell. The existence of a projection from the shell region of the nucleus accumbens to the dorsal parts of the substantia nigra pars compacta would fit in with previous observations that the dorsal tier of the pars compacta shares several characteristics with the ventral tegmental area (Phillipson, 1979a,b) . Retrorubralfild. The projections to the retrorubral field, which includes the A8 dopaminergic cell group, originate from neurons in approximately the same striatal areas as the projections to the lateral part of the ventral tegmental area (see above). The majority of these neurons are located in the area surrounding the posterior limb of the anterior commissure and in the fundus striati. A few small groups of neurons in the ventrolateral part of the caudate-putamen are an additional source of input to the retrorubral field. Although projections from the ventral striatum to the retrorubral field or to a comparable region have been reported before in several mammalian species (Conrad and Pfaff, 1976; Nauta et al., 1978; Troiano and Siegel, 1978; Groenewegen and Russchen, 1984; Jimtnez-Castellanos and Graybiel, 1989; Haber et al., 1990; Heimer et al., 199 l) , the present study in the rat is the first to demonstrate their exact origin in the striatum. Unlike the situation in the rat, projections from dorsal parts of the striatum to the retrorubral field have been demonstrated in the cat (Royce and Laine, 1984) . The neurons in the ventral striatum that project to the retrorubral area may influence the dopaminergic input to the matrix compartment of the dorsal striatum (Gerfen et al., 1987; cf. JimCnez-Castellanos and Graybiel, 1987; Feigenbaum-Langer and Graybiel, 1989) .
Peribrachial region. Anterograde tracing studies have revealed that the projections of the nucleus accumbens extend farther caudally in the mesencephalon than the retrorubral field (Nauta et al., 1978; Troiano and Siegel, 1978; Groenewegen and Russchen, 1984; Haber et al., 1990; Heimer et al., 199 1) . More in particular, the cuneiform and parabrachial nuclei and the caudoventral parts of the central gray in the rat receive input from this nucleus (Nauta et al., 1978) . This peribrachial region may well include the physiologically defined mesencephalic locomotor region (Garcia-Rill, 1986; Garcia-Rill et al., 1987; Coles et al., 1989 ; see also Rye et al., 1987; Lee et al., 1988) . In the present study, the distribution of ventral striatal neurons projecting to this region strikingly resembles that of the neurons issuing fibers to the retrorubral field that contains the A8 cell group. The only difference is that the projections to the peribrachial region from rostra1 and lateral parts of the ventral striaturn seem to be weaker. Involvement of the A8 cell group in the injection site was excluded by comparing sections containing the injection site with adjacent sections stained for tyrosine hydroxylase. Retrograde labeling of neurons in the caudoventral c The Journal of Neuroscience, June 1992, Z? (6) 2097 part of the caudate-putamen has been reported in a previous tracing study of the afferents to the peribrachial region (Jackson and Crossman, 198 1) . In this study, surprisingly few labeled neurons were observed in the nucleus accumbens. The discrepancy with the present results may be attributed either to the superior sensitivity of the CTb tracing technique (Ericson and Blomqvist, 1988) or to the lateral placement of the injections in the study of Jackson and Crossman (198 1) .
Compartmental distribution of ventral striatal neurons projecting to the mesencephalon On the basis of the distribution patterns of a variety of neuro-. chemical substances as well'as certain cytoarchitectural features, three regions can be distinguished in the ventral striatum that each display a characteristic compartmental organization (Herkenham et al., 1984; Voorn et al., 1986 Voorn et al., , 1989 Groenewegen et al., 1989 Groenewegen et al., , 1991 . Afferents from the prefrontal cortex and the midline and intralaminar nuclei of the thalamus respect the boundaries of the so-defined compartments (Berendse et al., 1988 (Berendse et al., , 1992 Berendse and Groenewegen, 1990) . The distribution of the opioid peptide ENK observed in the present material concurs with that reported previously (Berendse et al., 1988; Voom et al., 1989; Berendse and Groenewegen, 1990 ) and served as a marker for the ventral striatal compartments. The compartmental relationships of the ventral striatal neurons projecting to the mesencephalon are summarized in Figure 14 .
In the first region to be considered, namely, the medial and ventral parts (or shell region) of the nucleus accumbens, cell clusters that coincide with areas of weak ENK-IR are a characteristic feature (Herkenham et al., 1984; Voom et al., 1989) . Neurons in the shell region that project to the ventral tegmental area, the retrorubral field, and the peribrachial region (and possibly to the dorsal tier of the substantia nigra pars compacta) are located outside the cell clusters (Fig. 14) and therefore lie in the compartment receiving afferents from the infralimbic cortex, the paraventricular thalamic nucleus, and the ventral subiculum (Herkenham et al., 1984; Groenewegen et al., 1987; Berendse and Groenewegen, 1990; Berendse et al., 1992) . The same afferents may establish contacts with neurons inside the cell clusters, as their dendrites extend up to 50-100 pm outside the clusters (Herkenham et al., 1984) . The dendrites of the neurons that project to the mesencephalon seem to avoid entering the cell clusters. Although the CTb method does not produce a complete filling of the dendritic tree, the present results suggest that the inputs from the prelimbic area to the clusters in the medial part of the nucleus accumbens (Donoghue and Herkenham, 1986; Berendse et al., 1992) probably do not establish contacts with neurons projecting to the midbrain. The cells inside of the cell clusters lack projections to the mesencephalon, Figure 13 . Chartings of PHA-L-labeled fibers in transverse sections through the ventral mesencephalon following injections of PHA-L placed either inside (A) or outside (B) the large areas of strong ENK-IR in the rostrolateral part of the nucleus accumbens (AC@. For each case the distribution of PHA-L-labeled neurons at the injection site is illustrated at the top of the figure. Broken lines mark the borders of the ENK-positive areas in adjacent sections (see also Fig. 12) . A, The PHA-L injection centered inside of the ENK-positive areas (RP-90455) produces a dense plexus of PHA-L-labeled fibers in the dorsomedial part of the substantia nigra pars reticulata (SNr) and a smaller amount of fibers in the lateral part of the pars reticulata. Note that a few fibers are present in the substantia nigra pars compacta (SW) and in the retrorubral field @RF). B, The pattern of labeling following the injection of PHA-L that was located largely outside of the ENK-positive areas is quite different. The majority of the labeled fibers in the ventral mesencephalon occupy the substantia nigra pars compacta, especially its medial part, the lateral part of the ventral tegmental area (VTA), and the retrorubral field. However, note the presence of a small amount of PHA-L labeling in the pars reticulata. Although rostrally most of the labeled fibers appear to be passing through the pars reticulata, at midrostrocaudal levels fibers are branched and varicose. cp, cerebral peduncle; CPU, caudate-putamen; ZP, interpeduncular nucleus; ml, medial lemniscus; MT, medial terminal nucleus of the accessory optic tract; R, red nucleus; 3n, oculomotor nerve. Solid lines indicate projections directed toward target areas in which dopaminergic neurons reside, whereas broken lines mark the projections to the substantia nigra pars reticulata (S'Nr). Minor contributions to a projection are indicated by thin lines. Not indicated in the diagram is the relationship of neurons in the ventromedial part of the shell region with cytoarchitectonic features other than the small cell clusters; for the sake of clarity, the projections to the peribrachial region have not been included in the diagram (for details see Results). acu, anterior commissure, anterior part; ZCjA4, major island of Calleja; lo, lateral olfactory tract; LI/; lateral ventricle; RRF, retrorubral field; SNc, substantia nigra, pars compacta; VTA, ventral tegmental area. but may, like the cells in the surrounding areas, project to the ventral pallidum (H. W. Berendse and H. J. Groenewegen, unpublished observations) . According to Groenewegen et al. (199 l) , the projections from different parts of the amygdaloid complex either selectively innervate or avoid the cell clusters and may thus influence both output systems. The exact organization of these connections must, however, await electron microscopical investigation.
In the ventral part of the shell region, neurons projecting to mesencephalic targets are not only absent from the cell clusters (Fig. 14) , but in addition are heterogeneously distributed over the remainder of the shell region. The neurons appear to avoid strands of cells that are continuous with the striatal cell bridges. At present, these intriguing patterns cannot be related to the organization of the ventral striatal afferents, although fibers from the infralimbic area concentrate near the outer border of the shell as well (Berendse et al., 1992) .
In the caudodorsal part of the nucleus accumbens and the adjoining ventralpart of the caudate-putamen, patches of strong ENK-IR are embedded in a moderately ENK-IR matrix. By subtracting the results of the retrograde tracer injections not involving the pars reticulata from those that did, it seems possible to conclude that the patches of strong ENK-IR project to the substantia nigra pars compacta, whereas the surrounding matrix sends its fibers to the pars reticulata (Fig. 14) . However, as injections in the dorsomedial part of the substantia nigra, which may have involved the pars compacta, resulted in a homogeneous distribution of labeled neurons, an additional nrojection from the ENK patches to the most dorsal part of' the pars reticulata cannot be excluded completely. On the other hand, since the ventral tier dopaminergic neurons extend their dendrites into the pars reticulata (Gerlen et al., 1987) even an injection restricted to the pars reticulata would be expected to label striatal neurons contacting these vertically extending dendrites. As injections of fluorogold in the ventromedial part of the pars reticulata, made in the course of our preliminary experiments (see introductory remarks), produce a matrix pattern of labeling in the striatum similar to that demonstrated by Gerfen (1984, 1985) , the conclusion drawn above seems justified. The patches of strong ENK-IR receive prefrontal cortical input from deep layer V and layer VI and thalamic input from the paraventricular thalamic nucleus, whereas the matrix is projected upon by layers II through superficial V of the prefrontal cortex and by the central medial, paracentral, intermediodorsal, and parafascicular thalamic nuclei Berendse et al., 1992) . Thus, the organization of the cortical inputs and the outputs to the substantia nigra in this part of the ventral striatum is consistent with the arrangement described by Gerlen , 1985 , 1989 see also Jimtnez-Castellanos and Graybiel, 1989) for the dorsal striatum.
Most of the small groups of neurons in the ventrolateral part of the caudate-putamen that project to the lateral part of the ventral tegmental area, the retrornbral field, and/or the peribrachial region coincide with areas of strong ENK-IR (Fig. 14) and may therefore be contacted by fibers from the deep layers of the dorsal agranular insular area and the caudal part of the paraventricular thalamic nucleus Berendse et al., 1992) . However, in each experiment a single cluster of neurons is located in a conspicuous area from which ENK-IR is virtually absent (Fig. lOC,D) . The afferent connections of this area are as yet unknown.
In the most rostrolateral part of the nucleus accumbens (and the adjacent ventrolateral part of the caudate-putamen), several large areas of strong ENK-IR surrounded by moderate ENK-IR occur. The large ENK-IR areas coincide with strong calbindin LDa immunoreactivity (Voorn et al., 1989) . It should be emphasized that these conspicuous compartments are present only in the most rostrolateral part of the ventral striatum; slightly more caudally and medially, ENK-positive areas are smaller and coincide with blanks in the distribution of calbindin D,,,,, (Fig. 8 in Voorn et al., 1989) . The combined results of our retrograde and anterograde tracing experiments indicate that neurons inside the large ENK-positive areas project to the dorsomedial part of the substantia nigra, whereas projections to the substantia nigra pars compacta and the ventral tegmental area originate from the intervening moderately ENK-IR compartment (Fig. 14) . Therefore, the relationships of the two populations of output neurons with the distribution of ENK-IR in the rostrolateral part of the nucleus accumbens are exactly opposite to those found in more caudal parts ofthe ventral striatum (present results) and in the dorsal striatum (Gerfen, 1984 (Gerfen, , 1985 . As the interrelationships of the distributions of ENK-IR and calbindin DZgkDa immunoreactivity in the most rostrolateral part of the nucleus accumbens are reversed as well (see above), the present results confirm that calbindin D,,,,, immunoreactivity marks compartments that project to the substantia nigra pars reticulata . Neurons projecting to the retrorubral field and the peribrachial region lie for the most part outside of the large areas of strong ENK-IR, but some neurons reside in an area of strong ENK-IR adjacent to the external capsule.
Along the above lines, it seems reasonable to compare the areas of strong ENK-IR in the rostrolateral part of the ventral striatum with the dorsal striatal matrix compartment. Their weak substance P immunoreactivity (Voorn et al., 1989 ) strengthens this assumption. However, in addition to having some characteristics in common with the matrix compartment, the areas of strong ENK-IR also share a number of characteristics with the patch compartment. Most notably, opiate receptor binding (naloxon) is high in both the patch compartment and in the large ENK-positive areas (A. L. Jongen-Relo, P. Voorn, and H. J. Groenewegen, unpublished observations; see also Herkenham and Pert, 198 1; Gerfen et al., 1985 Gerfen et al., , 1987 . In addition, both compartments are characterized by weak dopamine immunoreactivity (Voorn et al., 1989) and by thalamic afferents from the paraventricular thalamic nucleus (Berendse et al., 1988; Berendse and Groenewegen, 1990) . Lastly, the compartmental relationships of the inputs from the prefrontal cortex in the rostrolateral part of the nucleus accumbens are different from those observed in the caudate-putamen and the caudodorsal part of the nucleus accumbens. In the latter areas, the deep layers of both medial and lateral prefrontal areas project preferentially to the patch compartment, whereas the superficial layers send projections to the matrix compartment (Get-fen, 1989; Berendse et al., 1992) . In the rostrolateral part of the nucleus accumbens, fibers from the deep layers of the medial prefrontal cortex likewise reach the compartment projecting to the dopaminergic cell groups, as they terminate in the moderately ENK-IR areas (Berendse et al., 1992; present results) . However, the fibers from the superficial layers are not as selective and, moreover, terminate preferentially in the same compartment as those from the deeper layers (Berendse et al., 1992) . The projections from the lateral prefrontal areas to the rostrolateral part of the nucleus accumbens show a similar lack of compartmental selectivity. Thus, assigning a patch or matrix identity to the compartments in the rostrolateral part of the nucleus accumbens can only be achieved by using a restricted set of criteria. If we instead consider all of the connections and neurochemical features discussed above, the&compartments share characteristics with both patch and matrix compartments.
The anatomical data discussed above indicate that the compartments in the shell region and in the most rostrolateral part of the nucleus accumbens have unique combinations of immunohistochemical characteristics and input/output relations, different from those of the patch/matrix compartments in other parts ofthe striatum. Moreover, in sharp contrast with the strictly reciprocal connections of the dorsal striatal patches with a specific subgroup of nigral dopaminergic neurons (Gerfen et al., 1987 ) the projections of the above-mentioned ventral striatal compartments to the A8, A9, and A 10 dopaminergic cell groups have primarily an open loop, feedforward character (Nauta et al., 1978; present results) .
In summarizing the input/output relations described above for the three main ventral striatal regions, a remarkable conclusion can be drawn. When the ventral striatomesencephalic projection is considered as a dual system, that is, consisting of a component projecting to the substantia nigra pars compacta and associated dopaminergic cell groups and a component projecting to the nondopaminergic elements of the nigral complex, the thalamic paraventricular nucleus may affect both components. Thus, through its strong innervation of the shell region of the nucleus accumbens and via its projections to the small ENK-rich patches in the border region between the ventral part of the caudate-putamen and the dorsal part of the nucleus accumbens, the paraventricular nucleus may influence all dopaminergic cell groups in the nigral complex. By way of the large ENK-positive areas in the rostrolateral part of the nucleus accumbens, the paraventricular nucleus may further reach a restricted part of the pars reticulata of the substantia nigra. In the rostrolateral part of the nucleus accumbens and more caudally in the border region between the nucleus accumbens and the caudate-putamen, the projections from other nuclei of the midline and intralaminar thalamic nuclear complex, most notably the central medial, paracentral, intermediodorsal, and parafascicular nuclei, complement those of the paraventricular nucleus . Thus, in these areas the paraventricular influence on one of the two components of the striatomesencephalic system may be counterbalanced by an influence from presumably functionally different thalamic nuclei on the other component of the system. In this respect, the thalamic inputs to the ventral striatum differ from those of the prefrontal cortex, discussed in a preceding paragraph. The functional significance of these differential arrangements of thalamic and prefrontal cortical projections with respect to the output of the ventral striatum remains to be established. A highly speculative interpretation is that a single input, for example, from the paraventricular thalamic nucleus, may have diverse or even opposing effects on the output of the basal ganglia through different striatal regions. On the other hand, the effects of a particular input may be strongly influenced by the other afferents to the same compartment in the striatal region under consideration, as well as by the presence of a specific combination of neuromodulating factors of extrinsic or intrinsic origin, reflected in the neurochemical characteristics of the compartment.
Regional and subregional heterogeneity of ventral striatal efferents The compartmental or subregional origin of the projections from the ventral striatum determines whether the fibers reach dopaminergic or nondopaminergic targets in the midbrain. Some degree of topography is present in the projections to the dopaminergic cell groups (present results), but topographical principles may be more obvious in the projections to the pars reticulata of the substantia nigra. However, Haber et al. (1990) have reported that in the monkey the topographical ordering in the projections from the ventral striatum to the substantia nigra pars reticulata is not as strict as that in the ventral striatopallidal projections. Rather strict mediolateral and dorsoventral coordinates are maintained in the latter projections Haber et al., 1990; Zahm and Heimer, 1990; Heimer et al., 199 1) . It is as yet unclear whether compartmental differences, similar to those reported for the dorsal striatum (JimCnezCastellanos and GimCnez-Amaya and Graybiel, 1990) , exist in the ventral striatopallidal projections as well.
Taking all of these data into consideration, the ventral striatopallidal pathway is primarily involved in parallel output pathways relaying specific sets of cortical and thalamic inputs via the pallidum and the mediodorsal thalamus ultimately back to the cortex Groenewegen et al., 1990b; cf. Alexander et al., 1986 cf. Alexander et al., , 1990 . By contrast, the component of the ventral striatomesencephalic system reaching the dopaminergic cell groups AlO, A9, and A8 may play an important role in modulating the dopaminergic input to virtually the entire striatum (Fallon and Moore, 1978; BjGrklund and Lindvall, 1984; Gerfen et al., 1987) . The other component can, by way of the medial part of the pars reticulata of the substantia nigra, participate in nigrothalamic and nigrotectal output pathways of the basal ganglia (Beckstead et al., 1981; Beckstead, 1983; Williams and Faull, 1985) .
Limbic influences on motor behavior
The association of the nucleus accumbens with the limbic system and its close relationship with the caudate-putamen, traditionally considered to play a prominent role in motor functions, has led to the notion that this nucleus mediates limbic influences on motor behavior (Mogenson and Yim, 198 1) . The projection from the nucleus accumbens to the dopaminergic neurons that innervate the caudate-putamen has been suggested as a possible anatomical substrate for this influence (Nauta et al., 1978; Somogyi et al., 1981; Nauta and Domesick, 1984) . Furthermore, the nucleus accumbens may influence motor behavior by way of its projections to the mesencephalic locomotor region via the ventral pallidum Nielsen, 1983, 1984; Mogenson et al., 1989) . A third pathway via which the nucleus accumbens may affect motor behavior leads through the ventral pallidum and the mediodorsal nucleus to the prefrontal cortex, which in turn is connected with the premotor cortex (Heimer et al., 1982) . However, since the projections from limbic bi-ain areas such as the hippocampal formation and the amygdala include large parts ofthe caudate-putamen Russchen and Price, 1984; Russchen et al., 1985; Groenewegen et al., 1987; Kita and Kitai, 1990) , it is clear that the nucleus accumbens can no longer be regarded as the only limbic-related part of the striatum. Furthermore, the results of recent anatomical, physiological, and behavioral investigations indicate that the dichotomy "limbicrelated ventral striatum" versus "motor-related dorsal striaturn" does not adequately describe the high degree of functional specialization within the striatum (Oberg and Divac, 1979; Dunnett and Iversen, 1980 , 1981 , 1982a Alexander et al., 1986 Alexander et al., , 1990 Rolls and Williams, 19.87; Kelley et al., 1989; Groenewegen et al., 1990b; Pisa and Cyr, 1990) . Several sectors can be identified in the striatum that are involved in separate parallel cortico-striato-pallido-thalamo-cortical circuits and may subserve functions ranging from simple motor acts to the most complex behaviors (Alexander et al., 1986 (Alexander et al., , 1990 Groenewegen et al., 1990b) . Furthermore, the present results reveal that the influence of the nucleus accumbens on the dopaminergic innervation of most of the striatum, as suggested already by Nauta et al. (1978) , is exerted by a specific subpopulation of neurons in the ventral striatum that receive a characteristic set of afferents.
In view of the above-described data, the notion that the nucleus accumbens represents a limbic-motor interface, true as this might be, is an underestimate of the potential influences of this structure on behavior. Therefore, it would seem more accurate to focus on the very specific population of neurons that can influence the dopaminergic innervation of virtually the entire striatum. Most of these neurons reside in the shell region of the nucleus accumbens and in the fundus striati, regions that receive prominent inputs from the paraventricular thalamic nucleus, the ventral subiculum, and the infralimbic and ventral prelimbic cortical areas (Herkenham et al., 1984; Groenewegen et al., 1987; Berendse and Groenewegen, 1990; Berendse et al., 1992) , which are involved in the mediation of autonomic responses (Terreberry and Neafsey, 1984; Hurley-Gius and Neafsey, 1986; Hardy and Holmes, 1988; Buchanan et al., 1989) . Thus, the projections of this subpopulation of ventral striatal neurons may provide a pathway for visceral or autonomic influences on behavior.
